In the past, many benchmarking studies have been performed on protein-protein and protein-ligand docking however there is no study on peptide-ligand docking. In this study, we evaluated the performance of seven widely used docking methods (AutoDock, AutoDock Vina, DOCK 6, PLANTS, rDock, GEMDOCK and GOLD) on a dataset of 57 peptide-ligand complexes. Though these methods have been developed for docking ligands to proteins but we evaluate their ability to dock ligands to peptides. 
INTRODUCTION
Docking methods are widely used to study the molecular interactions between receptor and ligand molecules, thereby facilitating the process of drug discovery [1, 2] . There are several well-established docking methods for the prediction of protein-protein [3] [4] [5] [6] [7] [8] , nucleic acid-ligand [9] [10] [11] and protein-ligand [12] [13] [14] [15] [16] [17] interactions. In the past, many benchmarking studies have been carried out to evaluate the performance of docking methods and scoring functions [18] [19] [20] [21] [22] . However, benchmarking studies on docking methods involving peptide-ligand interactions are not available in the literature.
Peptide-ligand interactions have important applications in the treatment of diseases [23] [24] [25] [26] , development of drug-delivery systems [24, 27] , diagnostics [28, 29] as well as in the development of sensor devices for rapid and reliable measurement of the concentration of target molecules [30] . In Alzheimer's disease, small molecules have been utilized as potential inhibitors, which prevent the oligomerization and aggregation of amyloid β peptides [23] . Rodriguez et al designed and developed multifunctional thioflavin-based small molecules, which served as molecular probes in the detection of peptide amyloid fibrils as well as therapeutic agents in the treatment of Alzheimer's disease [28] . Peptides such as cell-penetrating peptides (CPPs) are widely used as drug delivery vehicles to deliver small molecule drugs inside the cell [31] [32] [33] . Small molecules bind to CPPs by either covalent or non-covalent interaction and are transported into the cell [34] .
Recently, the combination therapy utilizing the combination of cell-penetrating peptides and small molecule antibiotics has been proposed as a potential alternative in the treatment of infections caused by methicillin-resistant Staphylococcus aureus [24] . In recent years, peptide-based therapeutic is gaining attention due to their low toxicity and high specificity [35, 36] . Therefore, many peptide-based resources have been developed in the last decade to enhance peptide-based therapeutics [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Thus, modeling peptideligand interactions require a detailed understanding of the way in which the small molecules bind to the active site of peptides.
Unfortunately, systematic parameterization in the docking methods is not available for studying peptide-ligand interactions. Docking methods efficiently produce acceptable docked poses but usually fail in ranking of the poses probably because of the failure of scoring function [47] . Development of a new scoring function is sometimes necessary for modeling the interactions of a new class of compounds. However, such lengthy and timeconsuming process may not be essential if the available methods are capable of predicting the interactions of a new class of compounds. Best of author's knowledge, no benchmarking study of the docking methods is currently available for modeling peptideligand interactions in the literature. We have benchmarked seven existing protein-ligand docking methods for their ability to correctly predict the peptide-ligand interactions on a series of 57 peptide-ligand complexes in this study. AutoDock [48] 50] docking methods were chosen for the benchmarking study. All of them have their strategies for the prediction of the best conformation of the ligand within the active site of a protein. All of these docking methods are available freely for academic use except GOLD. The extensive benchmarking of all the methods is carried out by analyzing 1, 3, 5, 10, 20 and 30 docked poses separately. We also tested the performance of tools like add hydrogen command of Open Babel [51] and Schrodinger [52] .
MATERIALS AND METHODS

Benchmarking dataset of peptide-ligand complexes
All the peptide-ligand complexes were extracted from the Protein Data Bank (PDB) [53] based on the fulfillment of the following conditions: (i) length of peptide should be between 9 and 36 residues (9756 PDB entries), (ii) if the complex PDB is determined using X-RAY, it should have resolution < 2.5Å (2713 entries), (iii) ligand should not have any metal atoms (1748 entries), (iv) complexes having any covalent interactions between peptide and ligand atoms (as defined by distance between any peptide and ligand atom to be < 2Å) were removed using LPC software [54] (859 entries), (v) only one complex was selected if the peptide sequences of multiple complexes were identical (192 entries), (vi) complexes with only one ligand associated with its peptide were selected (75 entries).
Finally, all the 75 entries were manually inspected and unusual entries (e.g. a single atom like Iodine being considered as ligand and entries with errors in docking calculations) were removed to get a dataset of 57 peptide-ligand complexes. The details of all the selected complexes are given in Table 1 .
Preprocessing of ligands and peptides
The ligands were extracted from the crystal structures and hydrogen atoms were added explicitly by using 'add hydrogen tool' available in Schrodinger module. The added hydrogen atoms were manually verified and errors (if any) were corrected. We used three initial geometries of ligands (first geometry is the coordinates of ligands as available in the PDB structures (represented as 'crystal ligands'), second geometry is the energy minimized coordinates using GAFF force field in Open Babel (represented as 'minimized ligands') and third geometry is the ideal coordinates downloaded from Chemical Component Dictionary available in PDB (represented as 'CCD ligands')) for docking studies in order to see the effect of initial geometries of ligands on the overall results. The docking results of all the three geometries were analyzed separately. The peptides were extracted from their respective complexes and hydrogen atoms were added explicitly. All the water molecules were removed from the peptides before docking.
Defining the binding site of the peptide-ligand interaction
Different docking methods define binding site either by creating a 3D-grid of X, Y and Z dimensions or by creating a sphere of a given radius centered at a defined point. In our study, we defined the center point by calculating the center of mass of the ligand molecule. We defined grid dimensions as a cube of length 40Å and radius of sphere 25Å.
In this way, it was ensured that the search space in both the cases is approximately the same.
Evaluation criteria
The root-mean-square deviation (RMSD) is a measure of the average distance between the atoms of superimposed structures. RMSD value is a widely used parameter to rank the performance of docking methods. If the docked ligand shows <2.0Å RMSD value with the crystallographic ligand, it is considered as a successful docking [18] . We calculated the RMSD values between docked pose and crystallographic pose using DOCK 6 [55] . DOCK 6 provides three types of RMSD values namely standard heavy atom RMSD, minimum-distance heavy atom RMSD and symmetry-corrected heavy atom RMSD. In our study, we used symmetry-corrected heavy atom RMSD, which is based on Hungarian algorithm. The Hungarian algorithm performs one-to-one assignments between original and docked ligand atoms and calculates the minimum distance between them [55].
Docking methods
The ligands were docked to their respective peptides using seven different docking methods (AutoDock, AutoDock Vina, DOCK 6, PLANTS, rDock, GEMDOCK and GOLD). For each docking method, we used default parameters except defining the binding site as described in the above section. In order to evaluate the scoring function of the considered docking methods, we generated 30 docked poses on each docking method 
RESULTS AND DISCUSSION
This study is conducted to evaluate seven widely used protein-ligand docking methods (six of them are freely available for academic use except GOLD) for their ability to successfully model the peptide-ligand interactions. 57 different peptide-ligand complexes (fitted to our selection criteria as explained in the methodology section) were used as a dataset for this purpose.
Performance of docking methods based on TOP docking poses
The performance of all docking methods computed on the basis of their TOP docking pose reveals that AutoDock performed the best while GEMDOCK performed worst with average RMSD 4.735Å and 12.627Å respectively ( Table 2) . AutoDock showed 21.05% success in reproducing crystallographic poses within 2Å RMSD and rest of the docking methods showed much less success rate ( Table 2) . As shown in Table 3 , the success rate of docking methods improved as we increased cutoff value of RMSD. The performance of each docking pose of different methods on each peptide-ligand complex has been shown in supplementary tables (Table S1-S7). It was observed that most of the methods performed worst on certain peptide-ligand complexes. Therefore we assigned these peptide-ligand complexes as outliers and evaluated the performance of docking methods after removing outliers. The number of outliers at an RMSD cutoff of 8.5Å and 8Å were 2 and 6 respectively. The performance of docking methods on all complexes, after removing 2 outliers and after removing 6 outliers is shown in Table S8 
Evaluation of scoring capability of docking methods
The foremost purpose of any docking method is to differentiate between the true solutions (usually defined as the ones docked within 2.0Å RMSD from the original structure) and misdocked structures. This differentiation is based on the scoring function of the docking methods. Thus, scoring function is very crucial to get correct docking results. We benchmarked the scoring function of all the docking methods on our dataset by generating various docked poses. Table 5 (Table 2) . Overall, the scoring function of AutoDock is able to model the peptide-ligand complexes better than other methods on our dataset.
Effect of initial geometry of ligand on docking results
We prepared three different initial geometries of ligands for docking. First geometry is the coordinates of ligands as available in the PDB (crystal ligands), second geometry is obtained from energy minimization of PDB ligands using GAFF force field with the help of Open Babel program (minimized ligands) and third geometry is the coordinates of ligands downloaded from the Chemical Component Dictionary available in PDB (CCD ligands). Summary of docking results using all three initial geometries of ligands are given in Table 2 , S10 and S11 respectively for crystal, minimized and CCD ligands. It is clear that the initial geometry of ligands is not affecting the overall success rate and average RMSD values. This may be associated with the size of the ligands as most of the ligands considered in this study are small in size.
Correct addition of hydrogen atoms
Correctly adding hydrogen atoms in ligands and receptors is crucial in order to get the meaningful docking results. We tested the 'add hydrogen' tool of Open Babel and Schrodinger packages in adding the hydrogen atoms explicitly to the ligand molecules in our dataset. Schrodinger package shows 61% success while Open Babel shows 40% success in correctly adding hydrogen atoms in the considered ligands. The success rate of 'add hydrogen' tool of both the programs is given in Table S12 . The performance of Schrodinger is better as compared to Open Babel in adding hydrogen atoms to the current dataset. However, both these tools are not able to correctly add hydrogen atoms on all the 
Effect of charged ligands on overall docking results
We divided the whole dataset in charged and uncharged ligands in order to understand the effect of charge on ligand molecules on overall docking results. Table S13 shows 
Effect of aromatic ligands on overall docking results
We tested the effect of aromatic ligands on overall docking results. The Table S14 Peptides lack a well-defined active site cavity and are generally involved in surface mediated interactions. Moreover, the peptide-ligand complexes extracted from the PDB and used as dataset in this study, lacks the structural diversity in small ligands, which further poses a limitation in studying peptide-ligand interactions. However, considering the importance of peptide-ligand docking, we need to understand this area even after these limitations. Thus, selection of methods from currently available docking methods may be crucial till a novel method is developed specifically for studying peptide-ligand interactions.
CONCLUSION
The capability of 7 docking methods is benchmarked for their ability to model peptide- 
